The neutral amino acid transporter B 0 AT1 (SLC6A19) has recently been identified as a possible target to treat type 2 diabetes and related disorders. B 0 AT1 mediates the Na + -dependent uptake of all neutral amino acids. For surface expression and catalytic activity, B 0 AT1 requires coexpression of collectrin (TMEM27). In this study, we established tools to identify and evaluate novel inhibitors of B 0 AT1.
BACKGROUND AND PURPOSE
The neutral amino acid transporter B 0 AT1 (SLC6A19) has recently been identified as a possible target to treat type 2 diabetes and related disorders. B 0 AT1 mediates the Na + -dependent uptake of all neutral amino acids. For surface expression and catalytic activity, B 0 AT1 requires coexpression of collectrin (TMEM27). In this study, we established tools to identify and evaluate novel inhibitors of B 0 AT1.
EXPERIMENTAL APPROACH
A CHO-based cell line was generated, stably expressing collectrin and B 0 AT1. Using this cell line, a high-throughput screening assay was developed, which uses a fluorescent dye to detect depolarisation of the cell membrane during amino acid uptake via B 0 AT1. In parallel to these functional assays, we ran a computational compound screen using AutoDock4 and a homology model of B 0 AT1 based on the high-resolution structure of the highly homologous Drosophila dopamine transporter.
KEY RESULTS
We characterized a series of novel inhibitors of the B 0 AT1 transporter. Benztropine was identified as a competitive inhibitor of the transporter showing an IC 50 of 44 ± 9 μM. The compound was selective with regard to related transporters and blocked neutral amino acid uptake in inverted sections of mouse intestine.
CONCLUSION AND IMPLICATIONS
The tools established in this study can be widely used to identify new transport inhibitors. Using these tools, we were able to identify compounds that can be used to study epithelial transport, to induce protein restriction, or be developed further through medicinal chemistry.
Introduction
Protein restriction is a powerful signal to regulate cellular and organismic metabolism. It is known to induce longevity in many species and to improve metabolic health (Mirzaei et al., 2014; Solon-Biet et al., 2014) . While the concept is appealing, it has not yet resulted in pharmacological approaches. Instead of reducing nutritional protein intake, blocking the absorption of amino acids in the intestine may provide an approach to the pharmacological modulation of protein nutrition. In the intestine, amino acids, di-and tri-peptides are the final products of protein digestion. Uptake of these nutrients is mediated by the peptide transporter PepT1 and a variety of amino acid transporters located in the apical membrane of enterocytes (Daniel, 2004; Broer, 2008) . B 0 AT1 is the major apical neutral amino acid transporter in the intestine and kidney, and its expression appears to be limited to these tissues (Broer et al., 2004) . It mediates the uptake of all neutral amino acids from the lumen of the intestine and the proximal tubule in the kidney. Pharmacological inhibition of B 0 AT1 thus not only reduces protein absorption but also increases loss of amino acids through the urine. Genetic disruption of the Slc6a19 gene (encoding B 0 AT1) in mice induced greater glycaemic control and resistance to high-fat diet induced obesity (Jiang et al., 2015) . This is thought to be mediated through an amino acid starvation response in the liver, which in turn causes up-regulation of the metabolic hormone FGF21. FGF21 increases metabolism of fat to generate ketone bodies and also induces browning of white adipose tissue (Kharitonenkov and Adams, 2014) . Human clinical trials with FGF21 mimetics are consistent with this role (Reitman, 2013) . Reduced absorption of amino acids from the lumen of the intestine has additional benefits, such as increased secretion of the incretins glucagon-like peptide 1 (GLP-1) and GIP (Jiang et al., 2015) . Together, these results suggested that a pharmacological block of B 0 AT1 could replicate this metabolic phenotype, thus providing a new target to improve glycaemic control in type 2 diabetes and improve metabolic health in the obese. In contrast to the therapeutic use of FGF21 and GLP-1 -which have to be administered subcutaneously as modified peptides to ensure extended biological half-life -a low MW inhibitor of B 0 AT1
could be administered orally and could induce expression of FGF21 and GLP-1. Humans with inactivating mutations in B 0 AT1 are known to have Hartnup disorder, a largely benign condition that in some cases is associated with a pellagra-like skin rash (Broer, 2009) . As a result, it appears reasonably safe to inhibit this transporter in adult humans. It is not known whether humans with Hartnup disorder have a metabolic phenotype similar to that of B 0 AT1-deficient mice.
B 0 AT1 mediates Na + -dependent transport of neutral amino acids with a preference for large neutral aliphatic amino acids (Bohmer et al., 2005) . The transporter is electrogenic, that is, it carries one positive sodium ion per amino acid into the cytosol during transport (Bohmer et al., 2005) . Accordingly, substrate-dependent membrane depolarisation is observed upon expression in Xenopus laevis oocytes. Similar to many other transporters, B 0 AT1 requires ancillary proteins for trafficking to the cell surface and for catalytic function (Fairweather et al., 2015) . In the kidney, this role is fulfilled by the type I membrane protein collectrin (TMEM27) (Danilczyk et al., 2006; Malakauskas et al., 2007) . In the intestine where collectrin is missing, the exopeptidase angiotensin converting enzyme 2 (ACE2) carries out the same role (Kowalczuk et al., 2008) . The peptidase domain of ACE2 is not required for trafficking and catalytic function of B 0 AT1 (Fairweather et al., 2015) . Mice lacking ACE2 or collectrin each exhibit some, but not all, aspects of the global B 0 AT1 knockout phenotype (Malakauskas et al., 2009; Bernardi et al., 2015) .
Little is known about the pharmacology of B 0 AT1. The approved drug and cyclooxygenase inhibitor nimesulide has been identified as an inhibitor of B 0 AT1 (Pochini et al., 2014) , while loratadine was reported as an inhibitor of the related transporter B 0 AT2 (Cuboni et al., 2014) . B 0 AT1 is a member of the solute carrier family 6 (SLC6A19), which comprises transporters for neurotransmitters, amino acids and related compounds (Broer and Gether, 2012) . The pharmacology of the 5-HT, dopamine and noradrenaline transporters in this family is well developed . Notably, tricyclic antidepressants and related compounds bind to these transporters with high affinity. While precise structures of B 0 AT1 are not available, highresolution structures are available for the sequence-related bacterial amino acid transporter LeuT (Penmatsa and Gouaux, 2014) ; the dopamine transporter from Drosophila melanogaster (dDAT), which has pharmacological properties similar to human DAT ; and the human 5-HT transporter (SERT; Coleman et al., 2016) . Surface biotinylation and Western blotting. CHO Flp-in host and CHO-BC cells maintained in 60 mm dishes were washed three times with ice-cold PBS buffer (137 mM NaCl, 2.7 mM KCl, 5 mM Na 2 HPO 4 , 0.9 mM CaCl 2 , 0.5 mM MgCl 2 ; pH 8.0) followed by biotinylation in ice-cold PBS (pH 8.0) buffer supplemented with 0.5 mg·mL À1 Sulfo-NHSlc-Biotin (Thermo Scientific) at room temperature on a slow shaker for 30 min. After washing three times with ice-cold PBS buffer supplemented with 100 mM glycine to quench unbound reagent, the cells were collected in 1 mL lysis buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.6, 1% Triton X-100) and incubated in a reaction tube on ice for 1.5 h with occasional inversions. The cell lysate was then centrifuged at 16 000 g in a benchtop centrifuge for 10 min, and the supernatant was transferred to a new reaction tube. After protein quantification, 100 μL of streptavidin beads (high-capacity streptavidin agarose resin, Thermo Scientific) were added to each sample and incubated at 4°C on a rotating shaker overnight. After washing five times with lysis buffer, the streptavidin beads were mixed with 4× sample buffer, incubated at 95°C for 5 min and subjected to SDS-PAGE analysis. The separated proteins were transferred onto nitrocellulose membranes (GE Healthcare) and bands of interest were detected by specific primary antibodies as follows: rabbit anti-mouse B 0 AT1 (1:3000) (Custom antibody, Pineda Antibody Service); sheep anti-mouse collectrin (1:3000) (R&D Systems); rabbit anti-human Na/K-ATPase (1:7000) (Abcam). The blots were then incubated with HRPconjugated secondary antibodies (donkey anti-rabbit or anti-sheep IgG) at the same dilution as the primary antibody. For image acquisition, HRP reagents were added to initiate the chemiluminescent reaction (Millipore HRP substrates Luminata Forte).
Tables of Links
Transport assay using FLIPR. Membrane depolarisation induced by amino acid transport was monitored using a FLIPR® kit (Molecular Devices, R8042 BLUE DYE). Before the assay, CHO-BC cells were seeded out at a density of 60 000 cells per well and maintained in a black-wall 96-well plate (Corning) overnight. After washing three times with HBSS+G (composition: 136.6 mM NaCl, 5.4 mM KCl, 0.44 mM KH 2 PO 4 , 2.7 mM Na 2 HPO 4 , 1.26 mM CaCl 2 , 0.5 mM MgCl 2 , 0.4 mM MgSO 4 , 10 mM HEPES, pH 7.5, supplemented with 5 mM glucose), cells in each well were incubated for 30-60 min at room temperature in 100 μL of HBSS + G containing compounds as indicated, together with 100 μL of dye-loading buffer provided with the kit. Subsequently, the fluorescence signal was detected every 10 s before and after the addition of amino acids or other substrates as indicated BJP Q Cheng et al.
in the figures. Fluorescence was detected at room temperature using a TECAN INFINITE M1000 PRO Plate Reader, with an excitation wavelength of 530 nm and emission wavelength of 565 nm (bandwidth 10 nm).
Transport assay using radiolabelled amino acids. CHO-BC cells with passage numbers from 3 to 10 were used in radiolabelled uptake assays. Before the assay, the cells were seeded out in 35 mm dishes (Corning) and maintained for 48-72 h until reaching 80-90% confluence. To initiate transport, the culture medium was removed and the cells were washed three times with HBSS + G. Subsequently, cells were incubated with HBSS + G, containing radiolabelled
isoleucine) and inhibitors as indicated in the figures or table, in a 37°C water bath for 6 min. To terminate transport, cells were washed three times with ice-cold HBSS.
For measuring sodium-independent uptake, NaCl in HBSS + G was replaced by N-methyl-D-glucamine (NMDG)-Cl and Na + -salts were replaced by K + -salts. Cells were then harvested by homogenising with 500 μL of 0.1 M HCl. An aliquot of 400 μL was used for scintillation counting and the remainder for protein quantification. To investigate inhibition of ASCT2, uptake of 100 μM [ 14 C]glutamine was measured in 143B cells in the absence and presence of inhibitor (at 300 μM). To measure inhibition of LAT1 in MCF-7 cells, uptake of 100 μM [ 14 C]leucine was measured in HBSS + G in which NaCl was replaced by NMDG-Cl and Na + -salts were replaced by K + -salts. Inhibitors were added to yield a final concentration of 300 μM.
Animals. All animal care and experimental procedures complied with the National Health and Medical Research Council's (NHMRC) Australian Code for the Care and Use of Animals for Scientific Purposes and the ACT Animal Welfare Act 1992, and were approved by the Animal Experimentation ethics committee of the Australian National University (A2014/20 for the use of X. laevis and A2013/39 for the use of mice). The number of animals used was adjusted to the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Male and female C57/Bl6 mice (Animal services, Australian National University) were used at an age of 4-6 months. Mice were held in individually ventilated cages (<5 animals per cage) under specified pathogen-free conditions under a 12 h light/12 h dark cycle and checked for general health once daily. Mice were killed by cervical dislocation before removal of organs. X. laevis were housed in tanks holding less than 20 animals per tank. The tank water was percolated and filtered in a closed system. About 10% of the total volume was replaced every day. Frogs were anesthetized by submersion in water containing MS-222 (1.5 g lÀ1) until loss of reflexes. The surgical procedure and preparation of oocytes has been described in detail before (Broer, 2010) .
Transport assay using sections of inverted intestine. For uptake assays with inverted sections of mouse small intestine, C57/BL6J female and male mice (4-6 months old) were killed by cervical dislocation (Animal ethics protocol A2013/39, Australian National University). The small intestine was removed and the intestinal lumen was rinsed with ice-cold 0.9% NaCl supplemented with Roche complete protease inhibitor. Subsequently, the small intestine was inverted on a metal rod to expose the mucosa. The inverted intestine was then cut into 1 cm pieces and fitted onto enzyme spatulas, which were immersed in HBSS + G supplemented with 1 mM glutamine. After washing twice in modified HBSS + G (containing 10% NaCl + 90% NMDG-Cl for Na + -dependent uptake and 100%
NMDG-Cl for Na + -independent uptake, both buffers supplemented with 1 mM glutamine) to remove residual compounds, the segments were pre-incubated in the same buffer in the presence of 300 μM of transport inhibitor and protease inhibitors (Roche Complete) for 15 min. At the end of the pre-incubation, the segments were transferred for 30 s into uptake buffer at 37°C (HBSS + G supplemented with 150 μM [ 14 C]leucine and 300 μM transport inhibitor).
For Na + -dependent uptake HBSS + G was used, for Na + -independent uptake NaCl was replaced by NMDG-Cl.
Subsequently, the segments were rinsed three times in icecold HBSS pH 7.5 and lysed in 400 μL 10% SDS. After 2-3 h, the lysed tissues were analysed by scintillation counting.
Transport assay using X. laevis oocytes. Preparation of oocytes and transport experiments were performed as described in detail before (Broer, 2003) . The following cRNA constructs were injected: 10 ng hB 0 AT1 cRNA per oocyte, 2 ng hcollectrin cRNA per oocyte. Transport experiments were conducted on oocytes 4-5 days after cRNA injection. Inhibitors were pre-incubated for 30 min at the indicated concentration in ND96 (composition: 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, titrated with NaOH to pH 7.4). Uptake of [ 14 C]leucine was measured at a total concentration of 100 μM for 30 min. The activity of non-injected oocytes was subtracted before data analysis.
Docking protocol. AutoDock Tools (Morris et al., 2009) incorporating the Gasteiger PEOE method (Gasteiger and Marsili, 1980 ) was used to assign partial charges to all atoms in the DAT-based B 0 AT1 structure and to all test-ligand structures. As AutoDock does not explicitly support the Na + atom type, parameters were approximated to Ca 2+ . Charge for Na + was manually set to +1. Using AutoGrid, the docking search space was set to the region in between and inclusive of the Na + /substrate binding site 1 and the Arg 57 / Asp 486 gate at the top of the binding pocket. All docking runs were carried out using AutoDock 4.2 compiled on the AVOCA IBM Blue Gene/Q supercomputer cluster (Norgan et al., 2011) maintained by VLSCI. We chose the ZINC database (Version 12, (Irwin and Shoichet, 2005) ) for virtual screening, which contains >35 million compounds. Due to computational restraints we selected a subset of 14 434 compounds based on the following criteria: (i) All available iterations of the National Cancer Institute diversity set, a catalogue of compounds designed to be representative of the chemical diversity of all known drug-like molecules. (ii) All compounds known to bind to or significantly inhibit any member of the SLC6 family, and their structural analogues. (iii) The published B 0 AT1
inhibitor, nimesulide (Pochini et al., 2014) , and its analogues. Conformations of each of the 14 434 docked compounds were ranked into clusters by AutoDock using a 2 Å root mean square deviation difference. The ratio of the mean docking score of the most abundant cluster of docking poses for each compound, to its molar mass, was used to determine the highest scoring 1000 compounds. To reduce compound numbers further, clusters of similar compounds were identified based on 2D Tanimoto coefficients (Rogers and Tanimoto, 1960) , available through PubChem. The 40 highest scoring representatives of each cluster were requested from the Developmental Therapeutics Program of the National Cancer Institute, or when unavailable, compounds with an at least 85% similar structure (based on 2D Tanimoto coefficients), and better docking score were requested instead. In a second selection round, a set of 158 structural analogues of two compounds (NSC63912 and 186 059) showing the greatest inhibition in in vitro experiments were analysed by AutoDock as above resulting in 40 additional compound candidates.
Data and statistical analysis
Data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . A significant difference was assumed when random probability of likelihood was P < 0.05. Samples were randomised in 96 well plates, but not in other assays. Sample identity was known to the investigator (not blinded), because all results had fixed numerical values that are not open to interpretation. Normalized data, where the control did not have a variance, were analysed using non-parametric tests. Data are shown as mean ± SD, transport activities indicated as Na + -dependent net uptake, were calculated by subtracting the uptake activity in the absence of Na + from the total uptake rate. The fluorescent signals measured in the FLIPR assay were normalized to baseline readings before the addition of substrates. Data are presented as percentage of baseline at each time point. The level of transporter overexpression declines systematically with increasing cell passage number. As a result, data were normalized against the base transport activity of the respective cell passage represented by three internal standards on each 96 well plate. Cells were used between passages 3-10. The number of experimental repeats (n) is indicated in the figure legends. Data analysis for each figure: Fig. 1 ANOVA between Na + -dependent uptake in parental cells (A) and Na + -dependent uptake in CHO-BC cells (B). F achieved P < 0.05 and there was no significant variance inhomogeneity. Fig. 2 IC 50 was calculated using the equation:
. 
Results
To identify novel inhibitors of B 0 AT1, we generated a cell line stably expressing B 0 AT1 and collectrin. As a host cell line, we selected CHO cells because endogenous uptake of isoleucine was entirely Na + -independent ( Figure 1A) , that is, uptake activity was identical when measured in buffer containing Na + -ions or in buffer where Na + -ions were replaced by NMDG, a large non-permeable cation. Uptake of [ 14 C]isoleucine (unless mentioned otherwise all amino acids used in this study were L-isomers) was suppressed by addition of an excess of unlabelled neutral amino acids (10 mM) such as phenylalanine and serine, but not by the cationic amino acid arginine. This is consistent with the presence of an amino acid transport system for large neutral amino acids (System L), which has been reported before (Oxender et al., 1977) . Isoleucine is also one of the preferred substrates of the Na + -dependent AT1 activity). This activity is undetectable in parental cells ( Figure 1A ), but was similar in capacity to the endogenous Na + -independent transporter (System L) in CHO-BC cells ( Figure 1B) . We used a 6 min time point for our transport studies, where net Na + -dependent uptake is still proportional to time and most prominent compared to other activities ( Figure 1C) . The endogenous Na + -independent System L activity is known to be electroneutral (Wagner et al., 2000) , while the heterologously expressed B 0 AT1 is electrogenic. An assay based on a voltage-sensitive dye (FLIPR Blue dye) would react to transport via B 0 AT1, but not to uptake via the endogenous transporter. Consistently, exposure of CHO-BC cells to isoleucine generated a strong fluorescent signal, which was not observed in the parental cells ( Figure 1D ). Leucine generated a similar signal, but the background signal was slightly stronger ( Figure 1E ). The fluorescence signal was abolished when NaCl was replaced by NMDG-Cl ( Figure 1F ), consistent with Na + -dependence of amino acid uptake via B 0 AT1. Expression of B 0 AT1 and collectrin at the plasma membrane was confirmed by Western blotting after cell surface protein biotinylation ( Figure 1G ). Both proteins were absent in parental cells.
To confirm that the additional isoleucine uptake activity in CHO-BC cells was indeed mediated by B 0 AT1, a basic characterization was performed. The substrate specificity was BJP Q Cheng et al.
Figure 1
Cell line and assay for high throughput screening and inhibitor characterization. (A) Isoleucine transport in CHO parental cells was entirely Na + -independent. Uptake of [ 14 C]isoleucine (100 μM) was inhibited by 10 mM phenylalanine and serine, but not by arginine. Glycine was a partial inhibitor. Transport activity is shown for the Na + -independent component of total uptake (ÀNa), and the net Na + -dependent component of total uptake (+Na(net)) (n = 5). (B) CHO parental cells stably transfected with collectrin and B 0 AT1 (CHO-BC) showed robust net Na + -dependent isoleucine transport (+Na(net)), which was undetectable in the parental cells. Na + -dependent uptake of [ 14 C]isoleucine (100 μM) was inhibited by 10 mM phenylalanine and serine, but not by arginine. Glycine was a partial inhibitor, consistent with uptake being mediated by B 0 AT1 (n = 5).
Please note the similar substrate specificity of the endogenous Na + -independent transporter. (C) Uptake of [ 14 C]isoleucine (100 μM) was measured in the presence and absence of Na + -ions in CHO-BC cells. Net Na + -dependent uptake of isoleucine increased proportional to time over 10 min. Na + -independent uptake was rapid initially, but equilibrated quickly (n = 5). (D) A membrane potential sensitive dye was used to detect Na + -amino acid cotransport by B 0 AT1. In parental CHO cells, addition of 1.5 mM isoleucine (arrow) did not change the fluorescence (n = 5), while a large increase of fluorescence (depolarisation) was observed in CHO-BC cells (n = 10). (E) Addition of 1.5 mM leucine generated a small signal in parental cells (n = 5) and a large signal CHO-BC cells (n = 35). (F) Cell depolarisation was not only amino acid dependent, but also Na + -dependent (n = 5). (G)
Surface biotinylation was used to isolate membrane proteins followed by SDS-PAGE and immunoblotting to detect collectrin and B 0 AT1. Both proteins were only detectable in CHO-BC cells, Na,K-ATPase served as a loading control (n = 5). Molecular weight in kDa is indicated next to the blot. *P < 0.05, significantly different from parental cells (A); n refers to the number of independent experimental repeats for each experimental group. measured using the FLIPR assay, which measures depolarisation similar to electrophysiological recordings. Consistently, the order of substrate preference was virtually identical to that reported previously using the latter method ( Figure 2A ) (Bohmer et al., 2005; Camargo et al., 2005) . The transporter showed a preference for methionine (normalized to 100) and branched-chain amino acids over polar neutral amino acids. Anionic and cationic amino acids were not transported. The K M -values for leucine and isoleucine were 0.5 ± 0.1 mM (data not shown) and 0.8 ± 0.1 mM ( Figure 2B , Table 1 ) respectively. These values are also consistent with published data (Broer et al., 2004; Bohmer et al., 2005; Camargo et al., 2005) . In order to identify novel inhibitors, we initially chose substrate analogues that were commercially available. These experiments revealed compounds such as S-benzyl-Lcysteine, O-benzyl-L-serine, S-phenyl-L-cysteine and S-(4-tolyl)-L-cysteine as potential inhibitors of B 0 AT1 (Table 1 ).
All compounds were analysed by FLIPR assay and selected candidates were further analysed by radiolabelled uptake assays. The radioactive uptake assay provides a suitable platform for an initial evaluation of inhibitor selectivity, as the endogenous Na + -independent uptake has a substrate specificity similar to that of B 0 AT1 ( Figure 1A,B) . S-benzyl-Lcysteine was the best performing substrate analogue inhibiting transport of leucine (1.5 mM) with an IC 50 of 14 ± 2 μM as determined in the FLIPR assay (Table 1, Figure 2C ). A much higher IC 50 of 424 ± 38 μM was determined when inhibiting uptake of [ 14 C]isoleucine (0.15 mM) ( Figure 2C ). The higher value is consistent with uptake experiments in oocytes, which yielded an IC 50 of 254 ± 70 μM (inhibiting uptake of 0.1 mM leucine, n = 5). S-benzyl-Lcysteine was an even better inhibitor of the endogenous Na + -independent transporter (IC 50 of 33 ± 3 μM, Figure 2C ).
As expected for a substrate analogue, kinetic analysis revealed a competitive mode of inhibition ( Figure 2D ), that is, the inhibitor increased the K M , but V Max remained constant. Moreover, S-benzyl-L-cysteine was a substrate of the transporter as indicated by a strong depolarisation signal in the FLIPR assay (data not shown). These results suggested that simple substrate analogues can be used as inhibitors, but are unlikely to be specific. We have previously reported that LeuT can serve as a highly suitable template for the generation of a homology model of B 0 AT1 (O'Mara et al., 2006; Fairweather et al., 2015) . The homology model is likely to be reliable in the regions around the binding site in the core of the transporter, which show high sequence similarity, while loops are less conserved (Broer and Gether, 2012) . Because of the higher sequence similarity between dDAT and B 0 AT1 (31% identical residues, 49% similar), we decided to use a homology model based on the Drosophila protein for computational docking studies to identify novel inhibitors of B 0 AT1 with better selectivity . A set of~14 000 ligands (selected as outlined in Methods) was docked to the dDATbased homology model of B 0 AT1 using AutoDock4 (Morris et al., 2009) . The trend in docking scores for these compounds is summarized in Figure 3A , which shows a histogram of the number of ligands within 1 kcal·mol À1 bins. As AutoDock reports free energy values, a more negative score represents stronger binding. Over 99% of compounds had binding energies ranging from À3 to À12 kcal·mol À1 , with the bulk of all compounds lying between À7 and À8 kcal·mol À1 . We highlight compounds NSC63912 and NSC22789, which are analysed in more detail below, with the transporter substrate leucine shown for comparison. The docking score tended to increase with the molecular weight of the ligand as approximated by the number of non-hydrogen atoms ( Figure 3B ). In Figure 3B , we highlight in orange the first batch of 40 compounds selected for functional testing. These represent compounds with the highest docking score that were readily available from the Developmental Therapeutics Program -National Cancer Institute. Following in vitro, tests the two best performing inhibitors were selected to identify structurally similar compounds, which were also analysed in vitro as shown in detail below. NSC63912 and NSC22789 represent a good compromise between molecule size and binding score, and are commercially available. Figure 3C shows respectively. Figure 3D shows docking poses of NSC63912 and NSC22789 relative to the two Na + -binding sites.
NSC63912 is shown docked to the substrate binding site, a pose that AutoDock predicts in 88% of all poses. NSC22789 Leucine >98 500 ± 100 1050 ± 50
Isoleucine >98 700 ± 60 1400 ± 100 Concentrations are given in μM. All compounds were preincubated with the cells for >30 min in the FLIPR assay. Some inhibitors required preincubation for 4 h to be effective (indicated by *). In the FLIPR assay, 1.5 mM leucine was used as substrate (n = 3); in the radioactive uptake assay, 150 μM isoleucine was used as substrate (n = 3). The chemical identification number (NSC) is shown for compound identification. Compound purity as provided by supplier or determined by liquid chromatography (see Supporting Information Data S1 and S2)
is also shown docked to the same site, but this is predicted to be only 50% of all poses. A majority of the other poses (48%) follow an alternative binding location, shown alongside leucine, in the substrate binding site in the lower panel of Figure 3D . The most promising compounds are listed in Table 1 . Pharmacological studies have consistently shown that most drugs targeting monoamine transporters act as competitive inhibitors (Broer and Gether, 2012) . However, the presence of a second substrate binding site has been proposed (Zhao et al., 2011) and was subsequently confirmed experimentally (Coleman et al., 2016) . For further characterization, we selected benztropine (NSC63912) and 2-benzyl-1-(3-phenylpropyl)piperidine (NSC22789), which showed IC 50 -values of 44 ± 9 μM and 90 ± 21 μM respectively (FLIPR assay). In both cases, radiolabelled flux assays revealed similar IC 50 values of 71 ± 8 and 78 ± 16 μM ( Figure 4A,B) . More importantly, both compounds showed good selectivity against the endogenous Na + -independent transporter ( Figure 4A ,B, open circles). We used our assay to compare these novel inhibitors to nimesulide. Surprisingly, nimesulide only inhibited B 0 AT1
after preincubation for 4 h with an IC 50 of 178 ± 40 μM (Table 1) . Thus, our novel compounds inhibit B 0 AT1 with higher potency and instantaneously. Loratadine, which has previously been reported as an inhibitor of the related transporter B 0 AT2, did not inhibit transport via B 0 AT1 (data not shown). Further characterization revealed that NSC63912 acted as a competitive inhibitor, while NSC22789 was noncompetitive ( Figure 4C,D) . Notably, NSC63912 ( Figure 4E ) showed a strong preference for the single docking pose depicted in Figure 3D . NSC22789 ( Figure 4F ), by contrast, docked to two different areas of the binding pocket (Figure 3  D) , only one of which overlapped with that of leucine. This may explain the non-competitive type of inhibition observed by this compound. Although X. laevis oocytes are widely used to characterize transport proteins, hydrophobic compounds often show much higher IC 50 -values for heterologous targets in oocytes compared to heterologous expression in cells (Kiehn et al., 1996) . We made similar observations with inhibitors NSC22789 and NSC63912, which caused partial inhibition of B 0 AT1 at 300 μM where inhibition is complete in CHO-BC cells and in addition required preincubation with the inhibitor for at least 30 min ( Figure 5A ). While the endogenous system L activity served as an initial test for inhibitor selectivity, we used two additional cell lines to more thoroughly investigate inhibitor selectivity. To measure inhibition of ASCT2, 143B osteosarcoma cells were used. To this end, glutamine uptake was measured in the presence and absence of Na + , and compared to the same transport activities in the presence of inhibitor. In Figure 5B the inhibition of net Na + -dependent glutamine transport is shown, which is largely mediated by ASCT2 (Broer et al., 2016) . Leucine transport in MCF-7 cells, by contrast, is largely mediated by system L (molecular isoforms LAT1 or LAT2), which can be inhibited by the amino acid analogue 2-aminobicyclo[2.2.1]heptane-2-carboxylic acid (BCH, Figure 5C ) and α-methyl-tyrosine. The latter inhibitor affects LAT2 less than LAT1 (Khunweeraphong et al., 2012) , demonstrating that leucine uptake is indeed largely mediated by LAT1. Testing the two selected compounds revealed that compound NSC63912 partially inhibited ASCT2 and LAT1 activity, while NSC22789 showed better selectivity in both cell lines with little inhibition of either ASCT2 or LAT1 (
Figure 5B/C). Substrate analogues, such as S-benzyl-Lcysteine again showed lack of selectivity. To confirm that our cell-based in vitro test systems were indeed reliable indicators of B 0 AT1 function, we tested NSC63912 and NSC22789
in transport assays using inverted sections of mouse intestine. We have previously demonstrated B 0 AT1 activity in this preparation (Broer et al., 2011) . As shown in Figure 5D both compounds significantly inhibited Na + -dependent leucine uptake in the intestine, which is mediated by B 0 AT1. 
Discussion
In agreement with earlier findings (Danilczyk et al., 2006; Malakauskas et al., 2007; Kowalczuk et al., 2008; Camargo et al., 2009) , stable expression of B 0 AT1 requires co-expression of collectrin or ACE2. The catalytic domain of ACE2 is irrelevant for B 0 AT1 expression (Fairweather et al., 2015) , we therefore chose collectrin due to its smaller size. CHO cells do not express detectable amounts of ACE2 (Iwata et al., 2009 ) to replace collectrin. Heteromeric design of transporters is a common occurrence (Ballatori et al., 2013; Fotiadis et al., 2013; Halestrap, 2013) , which needs to be taken into consideration when designing cell lines for HTS. Incidentally, the substrate specificity of B 0 AT1 is very similar to that of the endogenous transporter, which is most likely the hamster isoform of LAT2. As a result, it is very difficult to suppress the endogenous transporter using compounds like BCH, which also inhibits B 0 AT1 (Broer et al., 2004) .
However, more recently developed inhibitors of LAT1 may prove to be more selective (Khunweeraphong et al., 2012) . In this study, however, the endogenous transporter provided a useful first screen for the selectivity of any compound. The endogenous activity could be differentiated from transport via B 0 AT1 as it is not dependent on the presence of Na + .
Membrane potential sensitive dyes have been used to screen for ion channel inhibitors (Whiteaker et al., 2001; Wolff et al., 2003; Joesch et al., 2008) and have more recently also been used to screen for transporter inhibitors (Benjamin et al., 2005; Ruggiero et al., 2012) . Here, we established the FLIPR system as a suitable assay to screen large compound libraries and to characterize amino acid transport inhibitors. Alternatively, FRET sensors can be used to detect amino acid transport (Whitfield et al., 2015; Vanoaica et al., 2016) . However, these monitor amino acid accumulation through any transport system and therefore require secondary screening to ensure targeting is correct. For some transporters, fluorescent substrates are available that can be used for screening purposes (Landowski et al., 2003) . As expected, the FLIPR assay was insensitive to any electroneutral move of amino acids across the membrane and hence selective for the heterologously expressed B 0 AT1. It is important to choose the appropriate substrate as shown by the better signal produced by isoleucine as compared to leucine. Leucine can, to some extent, be transported by electrogenic transporters such
Figure 5
Specificity of B 0 AT1 inhibitors. (A) NSC63912 and NSC22789 at a concentration of 300 μM, were used to test for inhibition of leucine transport in X. laevis oocytes expressing B 0 AT1 and collectrin. The same inhibitors (300 μM) were tested in 143B osteosarcoma cells (B), where Na + -dependent glutamine transport is largely mediated by ASCT2 (n = 5), and in MCF-7 cells (C) where Na + -independent transport of leucine is largely mediated by LAT1 (n = 5). Moderate inhibition was observed in both cell lines. Substrate analogues such as S-benzyl-L-cysteine and BCH, by contrast, fully blocked leucine transport in MCF-7 cells. (D) Both compounds also inhibited Na + -dependent leucine transport in inverted sections of mouse intestine an in situ preparation with significant B 0 AT1 activity (n = 5). * P < 0.05, significantly different from control; n refers to the number of independent experimental repeats for each experimental group.
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as system A, while isoleucine is more selective due to its earlier carbon chain branch (Shotwell et al., 1981) . We also noted that the FLIPR assay usually yielded lower IC 50 -values than radioactive uptake measurements. Due to technical reasons the inhibitor has to be incubated with the dye for 30 min on the cells. This can cause non-specific effects such as depolarisation due to the activation or inhibition of ion channels or quenching of fluorescence. It can also lead to lower IC 50 -values when significant diffusion barriers are observed in the transporter vestibule or if the inhibitor needs to cross the lipid bilayer before binding. It is therefore important to complement the FLIPR assay with a robust assay that is less prone to false positives, such as radiolabelled uptake assays. Due to significant progress in computational power and high-resolution protein structures virtual screening has become a widely used tool to identify novel inhibitors (Moitessier et al., 2008) . Computational screening has a number of shortcomings, such as exclusion of protein flexibility, incomplete accounting of water molecules in binding and incomplete accounting of specialized interactions (Moitessier et al., 2008) . However, many programs successfully select strong binders from a series of decoys (Warren et al., 2006) . As a result, computational screening is particularly powerful when used in combination with medium and high throughput in vitro assays to identify false positives. Loratadine, for instance, inhibits B 0 AT2 (Cuboni et al., 2014) , but was inactive as an inhibitor of B 0 AT1. However, it docks as well to B 0 AT1 as expected. It should be noted that benztropine, identified here as an inhibitor of B 0 AT1, has also been reported as an inhibitor of the proline transporter PROT (SLC6A7) and the dopamine transporter (SLC6A3) (Yu et al., 2009) . However, these transporters are unlikely to be coexpressed with B 0 AT1 in biological preparations, due to highly tissue-specific promoters (Tumer et al., 2013) . We regularly use X. laevis oocytes as a system to characterize transporter activity and function. To our surprise, the inhibitors described here were much less effective when B 0 AT1/collectrin was expressed in oocytes or required considerable preincubation. The differences appear to be more prominent when hydrophobic compounds are considered, while substrate specificity and substrate affinity of natural amino acids was identical to previous studies in oocytes (Broer et al., 2004; Bohmer et al., 2005) . Notably, substrate specificity of the neutral amino acid transporter LAT1 is different in cell lines as compared to oocytes (Khunweeraphong et al., 2012) . Two possible explanations come to mind. First, the vitellin layer surrounding oocytes could form a barrier for hydrophobic compounds, which has also been observed for HERG channel inhibitors (Kiehn et al., 1996) . Second, some compounds may inhibit the transporter from the inside and are captured by the abundant egg-yolk inside the oocyte. An example of the latter is the monocarboxylate transport inhibitor AR-C155858 (Ovens et al., 2010) . A binding site for tricyclic antidepressants has already been found in the prokaryotic LeuT (Singh et al., 2007) . In agreement with an evolutionary conserved binding site for antidepressants, we found a significant number of compounds that resembled tricyclic antidepressants (e.g. NSC22789 and NSC63912). The vast majority of compounds identified in the virtual screen contain one or more aromatic rings attached to a polar functional group, such as alcohol groups, nitro groups or sulfones. Several compounds are also entirely nonpolar, with no atoms capable of involvement in hydrogen bonding. Compounds with polar or charged functional groups tended to orient these functional groups towards the most polar surfaces in the protein, that is, the Na + binding site 1 or the aspartate and arginine residues that restrict the vestibule before the substrate binding site. Hydrophobic parts of the ligands tended to confine themselves to the hydrophobic pocket (white surface in Figure 3 ) located between the Na + /substrate binding site and the aspartate and arginine residues in the vestibule. In the LeuT structure, the antidepressant binding site was located outside aspartate and arginine residues in the vestibule. In our docking simulations, none of the compounds tested bound at this site, most likely because we used the outside-open structure. The vestibule in the outside-open conformation is wider allowing less contacts. This second binding site may only become available after binding of leucine (Rudnick, 2007) . In general, binding of tricyclic antidepressants to human monoamine transporters appears to be competitive, consistent with the positioning of these compounds in the structures of a bacterial-human hybrid transporter , the Drosophila and human dopamine transporter (Coleman et al., 2016) . However, the second binding site has also been observed in the human dopamine transporter structure, when the first binding site is occupied (Coleman et al., 2016) . Previous docking studies using homology models have largely identified substrate homologues as potential inhibitors (Geier et al., 2013; Colas et al., 2015) . Here, we demonstrate that computational screening using openly accessible docking programs in combination with suitable transport assays can identify novel inhibitors that show good affinity and selectivity for B 0 AT1. The compounds identified here form the base of a more comprehensive structure-activity approach to identify high-affinity compounds for this transporter. In combination with molecular dynamics studies, this should lead to significantly improved compounds that also have improved selectivity. Pharmacological inhibition of B 0 AT1 should replicate the metabolic phenotype of B 0 AT1 deficient mice, which includes greater glycaemic control, low levels of triglycerides and cholesterol and resistance to diet induced obesity (Jiang et al., 2015) . If these results can be replicated in humans, inhibitors of B 0 AT1 have the potential to be used as drugs to treat metabolic disorders.
